and (001) crystals of thallium hydrogen phthalate (TAP) have been studied by means of X-ray diffraction topography. The experimental results show that two types of dislocations, spiral dislocations and ordinary dislocations, both distributed in an unexpectedly high density and running nearly normal to the (001) face, play an important role in increasing the growth rate of the (001) plane for TAP by providing self-perpetuating growth steps or growth centres, compared with crystals of KAP (potassium hydrogen phthalate) and RAP (rubidium hydrogen phthalate) of the same family, which show the lowest growth rates on the (001) surfaces. The spiral dislocations produce beautiful 'white' Borrmann images and their contrast decreases with decrease in specimen thickness and Borrmann coefficient. The images lose their fine spiral details when the contrast inversion from 'white' to 'black' occurs.
Introduction
An organic crystal of thallium hydrogen phthalate (TAP) is a newly developed X-ray analysing element with a higher diffraction efficiency than KAP and RAP with isomorphous structures. It crystallizes in a bipyramidal orthorhombic system (Fulton, Ryan & Hall, 1990 ) with a = 6.165, b = 10.047 and c = 12.878 A. The space group is P21ab. There are 4 molecules of TICaHsO4 in the unit cell. Large transparent crystals can be easily grown in aqueous solution (Lin, Zhang, Guan, Zhang & Lin, 1993) . KAP and RAP usually grow at the fastest rates in the +a-axis direction (Van Enckevort & Jetten, 1982) . The effects of the structure on defect formation, growth habit and crystal morphology were reported (Zhao, Chen& Huang, 1983; Zhao & Huang, 1990; Zhao, 1993) in terms of the orientation of the carboxyl group II and its open structure. Usually, the (001) face, the perfect cleavage plane, is more developed in KAP and RAP than in TAP, but in TAP the growth rate normal to the (001) plane is 25-30 times greater than ~.: 1994 International Union of Crystallography Printed in Great Britain all rights reserved in the a-axis and b-axis directions. In order to find the reason for this, we use X-ray projection topography (Lang, 1959a,b) giving information on the growth process and its history.
Experimental
TAP contains the heavy atoms of T1 in a high atomic content (55.31%), which makes the X-ray absorption of the crystal very high (the linear absorption coefficient #1 for Ag K~ a is 115 cm-1). The specimen preparation is difficult to meet the condition of pt = 1 (t < 100 l.tm), especially for the (100) or (010) plates owing to the existence of the cleavage planes of (001). In order to reveal the growth features of crystals that appear only along the c axis, at least two specimens with the (001) and (010) [or (100)] orientations are needed. Three specimen plates, $1, Sz and $3 were cut or cleaved from different crystal blocks in the (010), (010) and (001) orientations, respectively. After being ground to a thickness of about 1 mm, all samples were polished and thinned chemically in a solution of ethanol in pure water, washed in pure ethanol and then dried at room temperature. Three samples with parallel sides and no surface damage were obtained. The thicknesses were tl =0.420, t2=0.168mm (0.230mm before thinned chemically) and t3 = 0.215mm. Ilford L-4 nuclear plates were used to record X-ray topographs. The topographs recorded using the (hkl) plane from specimens Sa, $2 and $3 with Ag K~I radiation are denoted A,(hkl), where n = 1, 2 and 3. Defects in specimens $1, $2 and $3 are shown in Figs. 1, 2 and 3, respectively.
Discussion
The experimental results show that the main defects are grown-in dislocations running nearly parallel to the c axis. Spiral dislocations are seen in Fig. 1 and ordinary dislocations in Fig. 2(a) . The latter has Burgers vector b = [100], which produces disappearing contrasts in the (00/) and (Okl) topographs and is of the pure edge type in character.
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ISSN 0021-8898 C: 1994 3.1. Effect of grown-in dislocations on the (001) 9rowth surface Dislocation is a linear defect that is formed by lattice displacement. Different dislocations can be generated by different lattice displacements for the same running direction of a dislocation, and by the same lattice displacement for different running directions. Usually, the spiral dislocation is easily nucleated because the nucleation takes place preferentially at originally dislocated regions. At a certain point-defect supersaturation, dislocations in the equilibrium state should take a helical shape by climbing via vacancy diffusion. Two types of grown-in dislocations, spiral dislocations and straight ordinary dislocations, both running nearly along the c axis, are found in TAP as seen in Figs. 1 and 2(a). These are proven by the evidence of the small dotted and shaped images in Fig. 3(a) , which correspond, respectively, to the ordinary dislocations and to the spiral ones. In Fig 3(b) , obtained from a KAP crystal, no dislocation is seen running nearly normal to the growth surface of (001). Glide dislocations, inclusions, a stacking fault, thermal-strain lobes and fringes are observed in Fig. 3(b) (Zhao & Huang, 1989) . One can assume that in the TAP crystal a large amount of vacancies exists as the spirals can only be formed by the diffusion of point defects. The crystal structure is more open in TAP than in KAP. The T1 atoms in TAP may move with a higher mobility than K in KAP (or Rb in RAP) so as to generate a greater number of dislocations in TAP. The morphological difference between TAP and KAP (or RAP) crystals shown in Fig. 4 is mainly caused by the cooperation of the two kinds of dislocations. The spiral dislocations, which show strong Borrmann images with a 'white' contrast in Fig. 1 will be discussed in detail in §3.2. From a structural point of view, the deformed octahedron in TAP with six O atoms surrounding a T1 atom should be less stable than those in KAP (or RAP). A T1 atom has a charge of 1.8 e, which is to be compared with 0.8 e for K and Rb atoms. T1 atoms can exhibit such a high mobility (owing to the weak T1-O bondings) as to generate dislocations in a much higher density in TAP than in KAP and RAP. One can assume that the two kinds of dislocations, both running nearly normal to the growth surface of (001), provide self-perpetuating growth steps or growth centres (Min, 1992) which accelerate the growth speed on the (001) surface of TAP. The morphology of TAP crystals is different from those of KAP and RAP as the faster the growing speed the less developed is the growth surface. Another support to the above arguments is given by the temperature T~ at which the compounds are decomposed (Chen, Lin, Guan & Lin, 1994) . The experimental results show T~ = 359 K for TAP, 495 K for KAP and 504 K for RAP. This supports the argument that not only is the O-T1 bond weaker than the O-K or O-Rb bonds in the open structure, but also the TAP crystal contains imperfections at a higher concentration.
Borrmann effect on the spiral dislocation contrast
Looking at the spiral dislocations in Figs. 1, 2(b) , (c) and (d), we note that the 'white' spiral images are higher in contrast in Fig. 1 than in Fig. 2(b) . The contrast decreases from Fig. 2(b) to (d) and even loses the fine spiral details when the images turn into 'black' in Fig. 2(d) .
According to the dynamical theory of X-ray diffraction (Batterman & Cole, 1964; Pinsker, 1978; Lambert & Malgrange, 1982) , the Borrmann image of a dislocation can be observed when ~tt >> 1 or the Borrmann coefficient ~ is large. The anomalous transmission, occurring at/~t = 4.83 in Fig. 1 or even at 1.93 in Fig. 2(b) in TAP, is due to the high X-ray absorption of the T1 atoms. It is well known that the photoelectric absorption of an atom is proportional to the electric-field intensity at that atom. if the nodal planes of the standing-wave field coincide with the atoms of the diffracting planes, an abnormally small absorption, or the so-called anomalous transmission, occurs. If the antinodal planes are at the atom sites, an anomalously high absorption takes place. The field intensity IT of transmitted X-rays is given by
where OB is the Bragg angle, P is the polarization factor (1 for the a mode and cos 20 for the n mode).
I T depends not only on t but also on e. The larger the thickness t, the stronger the Borrmann effect, as can be seen in Fig. 1 (t = 0 .420 mm) compared with Fig.  2(b) (t = 0.168 mm). The Borrmann coefficient was given by Lambert & Malgrange (1982) for Xhi <( )~hr and for a centrosymmetric structure as e = (17.hil/lZoil) cos 4,
where Zhi and Xoi are the hth and 0th Fourier components of the imaginary part of the dielectric susceptibility, respectively. • is the phase shift between the imaginary and real parts of the susceptibility. In the case of TAP, the formula e = F"(hkI)/F"(O00) seems to be accurate enough. The ratio F"(hkl)/F"(O00) is calculated using the atomic absorption coefficient Pa instead of the atomic scattering factor fa in the structure-factor expression. Because T1 has a much higher #a (2250 cm-1) than any other atoms (< 2 cm-1) for Ag K0q radiation, it is reasonable and accurate enough to consider only the contribution of T1 to the Borrmann effect. The results are shown in Table 1 . One can see that, firstly, e 1 and/32 are not very different; secondly, the value of e decreases monotonically with increasing diffraction order, irrespective of the odd or even reflections. For the symmetric Laue-case diffraction of a thick crystal, the linear absorption coefficient #~ for the anomalously transmitting wave field is expressed as
where p = tan A/tan 0, A is the angle of X-ray energy flow direction with respect to the Bragg plane, P is the polarization factor. For A = 0 (and p = 0),/~s is simply given by #1(1 -Pc)/cos OB./as/lax is 0.052, 0.186 and 0.391 for the (001), (002) and (003) The half-width of the diffraction is given on the 0 scale by A01/2 = kp,~2/(l/sin 20) [Pe(#t/7o)-1/2], (5) where k is a constant, r/'=A0sin20/[P(re22/ nV)F'(hkl)], 70 is the direction cosine of the incident beam, F'(hkl) is the real part of the structure factor, re is the classical electron radius, 2 is the wavelength and V is the unit-cell volume. Formulae (4) and (5) show that the absorption terms with ~: sharpen the peak. If a crystal is sufficiently thick, only those rays travelling parallel to the net planes will survive and exit from the back of the crystal. When ~: is large, the wave field traverses the crystal along the net planes with a very low absorption and gives rise to a very strong Borrmann effect. Anomalous transmission, in fact, is a feature of a perfectly periodic lattice. Imperfections of any kind tend to reduce or destroy this phenomenon. The helical dislocations, for example, in Fig. 1 , totally destroy the Borrmann effect and appear as white images. Moreover, the resolution of Borrmann images increases with increase of e/~t values through the peak sharpening. They show an agreement between experiment and theory.
Concluding remarks
Imperfections in organic crystals of thallium hydrogen phthalate (TAP), a newly developed X-ray analyser crystal with a high diffraction efficiency, have been investigated by means of X-ray projection topography. The experimental results suggest that two types of grown-in dislocations, the spiral dislocations and ordinary ones, play an important role in accelerating the growth rate of the (001) growth surface by providing self-perpetuating (or permanent) growth steps or centres. The Borrmann transmission explains the 'white' spiral dislocation contrasts and the loss of the fine spiral details when the contrast inversion from 'white' to 'black' occurs. The higher dislocation density in TAP than in KAP and RAP is discussed in terms of a higher mobility of T1 in the weak TI-O bonds, resulting from the higher electronegativity of TI (1.8 e) than K and Rb (0.8 e) in the open structure. The Borrmann effect provides a good method of imaging crystal defects with a high resolution in X-ray topography because the absorption term sharpens the peak.
